ABSTRACT Similar to the domestic hen ovary, entry of a follicle into the preovulatory hierarchy in the turkey hen represents a process in which a single follicle initiates rapid growth and final maturation prior to ovulation. Published data derived from the laying hen support the proposal that differentiation of the follicle granulosa cell (GC) layer begins coincident with entry into the rapid growth phase and is characterized by the initial capacity for follicle stimulating hormone (FSH)-mediated cell signaling. The present studies were conducted with photostimulated B.U.T. Big 6 turkey hens to compare follicle dynamics and cellular mechanisms to those in the laying hen. The measurement and weights of turkey ovarian follicles greater than 1 mm in diameter revealed a discrete size hierarchy that was maintained throughout follicle development. GC layers collected from the single follicle initiating rapid growth (at the 11 to 13 mm stage of development) and incubated, in vitro, for 3 h with recombinant human (rh) FSH (10 ng/mL) responded with significantly increased steroidogenic acute regulatory protein (STAR) mRNA expression and progesterone production. The same treatment induced minimal STAR expression and no significant progesterone accumulation in GCs from 8 to 9 mm follicles (prior to the rapid growth phase). By comparison, dispersed GCs from 8 to 9 mm follicles pre-cultured for 18 h followed by a 3 h challenge with rhFSH resulted in significantly increased STAR expression plus progesterone production. Significantly, such cultured GCs pretreated for 15 min with transforming growth factor alpha (TGFα; 10 ng/mL) completely prevented both rhFSH-induced STAR expression and progesterone production. Culture of GCs from 8 to 9 mm follicles for 21 h with Bone Morphogenetic Protein 6 (BMP6) increased both cholesterol side-chain cleavage enzyme (CYP11A1) and FSH receptor mRNA (FSHR) expression. BMP6 also enhanced rhFSH-induced STAR expression, and this effect was blocked by TGFα. Collectively, these results support a conservation of mechanisms that maintain a hierarchy of follicles throughout development plus initiate FSH-responsiveness and GC differentiation as the recruited follicle enters the rapid growth phase in these closely related species.
INTRODUCTION
The laying hen (Gallus gallus) and turkey hen (Melaegris gallopavo) represent related species grouped within the order Galliformes, family Phasianidae. As in the laying hen ovary, the process of cyclic recruitment in the domestic turkey represents the stage at which a single follicle enters a rapid growth phase (the preovulatory hierarchy) in preparation for ovulation. Some time prior to this, such follicles are activated from a dormant primordial follicle stage of development (initial recruitment) to undergo a slow-growth process, during which they emerge from the ovarian stroma and gradually increase in size from <1 mm to approximately 10 mm in diameter over a period of weeks (Hocking et al., 1987 We and others have previously provided data from the laying hen demonstrating that follicle granulosa cells (GCs) collected from 1 to 5 mm slow-growing (pre-recruitment) follicles express follicle-stimulating hormone receptor (FSHR) mRNA (You et al., 1996; Wakabayashi et al., 1997) and protein (Johnson, 2015) , together with vasoactive intestinal peptide (VIP) receptor 2 mRNA (VPAC2; Kim and Johnson, 2016) yet each receptor fails to initiate a significant increase in cyclic adenosine monophosphate (cAMP) production following a 1 h or 3 h challenge, in vitro, with either FSH (Tilly et al., 1991a; Johnson and Lee, 2016) or VIP (Kim and Johnson, 2016) . At the time of cyclic recruitment, the GC layer in one follicle from the 6 to 8 mm cohort initiates and sustains several critical processes within the steroidogenic pathway via protein kinase A/cAMP signaling, including transcription of steroidogenic acute regulatory protein (STAR) and cholesterol side-chain cleavage enzyme (CYP11A1) (Johnson, 2014b (Johnson, , 2015 . In particular, STAR represents 3755 an early response gene that is increased significantly within 3 h in response to increased intracellular levels of cAMP (Balasubramanian et al., 1997; Johnson and Bridgham, 2001; Manna et al., 2009) . Consequently, in the absence of receptor-mediated cAMP within the GC layer of slow growing (1 to 2 mm and 3 to 5 mm) and pre-recruitment (6 to 8 mm) laying hen follicles, both CYP11A1 and STAR are expressed at low to nondetectable levels (Tilly et al., 1991b; Johnson and Lee, 2016) . There is also evidence from the laying hen that prior to follicle recruitment FSH-induced signaling via cAMP in 6 to 8 mm follicles is suppressed by tonic inhibitory signaling mediated, at least in part, by active mitogen activated protein kinase (MAPK) and protein kinase C signaling (Johnson and Bridgham, 2001; Woods and Johnson, 2005; Woods et al., 2007) . Nevertheless, a role for such inhibitory signaling to regulate FSH-responsiveness in less developed, 1 to 5 mm diameter follicles has yet to be adequately investigated.
Several bone morphogenetic proteins (BMPs), including BMP2 (Haugen and Johnson, 2010) , BMP4 (Kim et al., 2013) , BMP6 (Ocón-Grove et al., 2012), BMP3, -5, -7, and -10 (reviewed in Onagbesan et al., 2009) , and BMP15 (Elis et al., 2007; Stephens and Johnson, 2016) , have been implicated in regulating GC function and/or follicle development within the laying hen ovary. In particular, BMP6 signaling via the SMAD 1/5/8 signaling pathway was reported to enhance cellular levels of FSH-induced cAMP and differentiation specifically within cultured GCs from pre-recruitment (6 to 8 mm) follicles (Ocón-Grove et al., 2012) .
The present studies were conducted with the turkey hen ovary to assess the extent to which the laying hen and turkey hen share similar follicle dynamics and, in particular, cellular mechanisms related to follicle recruitment. Here, we focus on identifying the stage of follicle development associated with FSH-responsiveness within the GC layer, together with the ability of MAPK signaling to modulate BMP6-mediated GC differentiation.
MATERIALS AND METHODS

Animals and Reagents
Aviagen B.U.T. Big 6 turkey hens, obtained from Aviagen Turkeys, Inc., East Lewisburg, West Virginia, were used in the studies described. All animal procedures were approved by the Institutional Animal Care and Use Committee at the Pennsylvania State University and were performed in accordance with The Guiding Principles for the Care and Use of Laboratory Animals. Hens were housed on the floor throughout the study and provided with free access to feed and water. As part of a larger study, 40 hens were housed under a non-stimulatory photoperiod of 8 h light, 16 h dark until 54 wk of age. At this time, the photoperiod was increased to 16 h light: 8 h dark to initiate egg laying. Hens were euthanized and exsanguinated using an electric stunning knife between 68 and 72 wk of age. Fully developed ovaries were collected without regard to stage of the clutch or ovulatory cycle. The entire ovary was immediately removed and placed in ice-cold 1% NaCl solution, and then further processed for measuring follicle size and collection of the follicle granulosa layer. All but one hen within this group of 40 hens had a fully developed pre-recruitment and preovulatory follicle hierarchy at the time of collection.
Tissue Processing for mRNA Plus GC Incubation and Culture
In an initial study, all ovarian follicles 1 mm diameter and greater from 14 hens were collected and cleaned of excess connective tissue. Slow growing follicles (1 to 2 and 3 to 5 mm), the pre-recruitment cohort (6 to 10 mm), and all preovulatory follicles were weighed to the nearest mg. In addition, 1 to 2 mm, 3 to 5 mm, 6 to 7 mm, and 8 to 10 mm follicles together with the single, most recently recruited 11 to 13 mm follicle from 4 hens were split open with a scalpel blade and the granulosa layer, devoid of theca contamination, was collected from the expressed yolk as previously described (Tilly and Johnson, 1987) . Granulosa layers were rinsed free of yolk, and then frozen at −80
• C until mRNA was isolated to measure mRNA levels of STAR, FSHR, CYP11A1, and VPAC2, plus BMP4, BMP6 and antiMullerian hormone (AMH).
For the remaining experiments, GC layers from 3 to 5 mm, 6 to 10 mm, and 11 to 13 mm follicles were collected to conduct a 3 h incubation, while GC layers from additional 8 to 9 mm pre-recruitment follicles were dispersed and cultured overnight. All incubations and cultures were conducted in complete media consisting of Dulbecco's Modified Eagle Medium (DMEM) with high glucose (HyClone Laboratories, Logan, UT), plus 2.5% fetal bovine serum (PAA Laboratories, Etobicoke, Ontario, CA), 0.1 mM non-essential amino acids and 1% antibiotic-antimycotic mixture (both from Invitrogen, Carlsbad, CA). For incubations, GC layers were collected and gently dispersed into small pieces using a 1 mL pipette, added to 12 × 75 mm polypropylene tubes (Fisher Scientific, Pittsburgh, PA) at a density of approximately 5 × 10 5 cells per mL, and placed in a shaking water bath at 40
• C for 3 h under ambient air conditions (Kim and Johnson, 2016) . The granulosa layer was collected as described above and GC for culture and were dispersed with 0.3% type II collagenase (Worthington, Lakewood, NJ) and plated at a density of approximately 5 × 10 5 per well in 12-well polystyrene culture plates (Becton Dickinson, Franklin Lakes, NJ). These cells were allowed to initiate attachment at 40
• C in an atmosphere of 95% air: 5% CO 2 for 2 to 3 h, and then cultured for an additional 24 h without or with growth factor(s) and/or FSH treatment (Ocón-Grove et al., 2012). Recombinant human (rh) FSH was provided by the National Hormone and Pituitary Program 
Quantitative Real-Time PCR
Forward and reverse primers directed against Meleagris gallopavo FSHR, CYP11A1, STAR, VPAC2, and RPL19 mRNA were purchased from Integrated DNA Technologies, Inc., Coralville, IA and are described in Table 1 . Each primer pair was validated for specificity by evaluating melt curves and sequencing the amplified product. Total RNA was extracted from incubated and cultured cells using Trizol Reagent (Life Technologies, Grand Island, NY) as described by Kim et al. (2013) . Real-time PCR analysis was conducted using the 7500 Fast thermocycler (Applied Biosystems) with associated software (v.2.0.4). Target gene expression was standardized to RPL19 using the ΔΔCt method (Livak and Schmittgen, 2001 ).
Progesterone Enzyme-Linked Immunoassay
Progesterone from media samples was quantified by enzyme immunoassay (Cayman Chemical Co.) and conducted as previously reported (Johnson and Lee, 2016) .
Data Analysis
All experiments were replicated using tissues from different hens. Real-time PCR results from freshly collected tissues relative to the stage of development are expressed as a fold-difference compared to a pooled cDNA reference (Figures 2 and 3) , or to the respective control incubated/cultured cells (which were set to 1.0; Figures 4 to 6 ). These data were analyzed by a oneway analysis of variance and Duncan's multiple range test without including the incubated or cultured controls. Progesterone data are expressed as mean pg/μg of cell protein +/−SEM for the combined replicate experiments and analyzed by the analysis of variance followed by Duncan's multiple range test (Figures 4 and 5) . 
RESULTS
The organization of ovarian follicles and the distribution of follicles characterized by size and weight are described in Table 2 and Figure 1 . For the purpose of analysis, ovarian follicles were grouped as: rapid growing, yellow-yolk-filled preovulatory follicles; the single follicle most recently recruited into the preovulatory hierarchy that has begun to accumulate yellow yolk (11 to 13 mm diameter); a "pre-recruitment cohort" containing largely protein-rich, white yolk (6 to 10 mm diameter); slow growing 3 to 5 mm follicles; and, the largest grouping that is most variable in number, 1 to 2 mm follicles.
Basal levels of FSHR, VPAC2, CYP11A1 and STAR mRNA from GC layers at different stages of early follicle development (1 to 10 mm) and immediately subsequent to follicle selection into the preovulatory hierarchy (11 to 13 mm) are compared in Figure 2 . Expression of BMP4, BMP6 and AMH at the same stages of follicle development is shown in Figure 3 .
Following a 3 h incubation of freshly collected GCs without or with rhFSH, it was determined that those from 11 to 13 mm follicles respond with a pronounced increase in STAR expression plus progesterone production (Figure 4) . By comparison, GCs from the pre-recruitment cohort (6 to 10 mm) demonstrated a small but a significant increase in STAR expression but no increase in progesterone levels, while incubated GCs from 3 to 5 mm follicles showed no response to rhFSH.
Following a 21 h culture of GCs from 8 to 9 mm prerecruitment follicles, a subsequent 3 h challenge with rhFSH induced a significant increase in both STAR ex- . STAR expression and progesterone production in undifferentiated GCs from 8 to 9 mm pre-recruitment follicles precultured for 21 h without or with TGFα (10 ng/mL), followed by treatment for 3 h without or with rhFSH (10 ng/mL). * : P < 0.05 vs Con/Con that was set to 1.0 (not shown); A, B: P < 0.05. pression and progesterone production ( Figure 5 ). Significantly, preculture with TGFα completely blocked the stimulatory effects of rhFSH. Finally, culture of GCs from 8 to 9 mm follicles for 21 h with BMP6 increased FSHR and CYP11A1 expression compared to control cultured cells, and a subsequent 3 h challenge with rhFSH following BMP6 treatment further enhanced STAR expression compared to the 3 h rhFSH challenge alone (Figure 6 ). Again, co-culture with TGFα prevented any stimulatory effect of BMP6 or BMP6 plus rhFSH on STAR expression. Figure 6 . Left panels. FSHR, STAR, and CYP11A mRNA in undifferentiated GCs from 8 to 9 mm follicles pre-cultured for 21 h without or with BMP6 (25 ng/mL), followed by a 3 h challenge without or with 10 ng FSH/mL. Right panel. STAR expression in GCs pretreated for 15 min with 10 ng TGFα/mL then cultured for an additional 21 h without or with BMP6, followed by a 3 h challenge with FSH. A, B, C: P < 0.05; * : P < 0.05, t-test versus Con/Con (not shown). N = 5 hens 
DISCUSSION
Considering the discrete hierarchal organization of ovarian follicles prior to recruitment into the rapid growth phase present in both the domestic hen and turkey hen (Figure 1) , the term "prerecruitment cohort" is used herein in preference to "prehierarchal follicles" to more appropriately describe the group and organization of 6 to 10 mm follicles that will eventually enter the turkey hen preovulatory hierarchy. Given this distinct size hierarchy, it has been suggested that the largest pre-recruitment follicle represents the next to enter the rapid growth phase Perry et al., 1983) . Nevertheless, such a strict order of recruitment (e.g., the largest pre-recruitment follicle always the next to enter the preovulatory hierarchy) has yet to be empirically established in either the turkey or laying hen ovary. The process of recruitment into the rapid growth phase is of fundamental importance as published data from the laying hen has demonstrated that it represents the initial stage at which FSHR in the GC layer acquires the capacity for FSH-induced cAMP formation. The initial capacity for FSHR signaling via cAMP initiates multiple processes within the GC layer that are critical for final maturation prior to ovulation, including FSH-induced steroidogenesis, angiogenesis, LH receptor expression, enhanced cell survival, and GC proliferation (Johnson, 2015 (Johnson, , 2014b .
Notably, expression profiles of BMP4, BMP6, and AMH during early follicle development in the turkey (Figure 3 ) are similar to those in the laying hen (Johnson et al., 2008; Ocón-Grove et al., 2012; Kim et al., 2013) . Moreover, profiles of FSHR, VPAC2, CYP11A1, and STAR expression during early follicle growth (Figure 2) are not unlike those previously described in the laying hen ovary (Woods and Johnson, 2005; Kim and Johnson, 2016) . Significantly, expression of elevated CYP11A1 in GC at the 11 to 13 mm stage of development (Figure 2) is consistent with the initial stage of differentiation and the capacity for steroid production within the GC layer, together with the initiation of the follicle's rapid growth phase. Due to the virtual absence of luteinizing hormone receptor (LHR) expression in GCs from laying hen prerecruitment follicles (Johnson and Bridgham, 2001) , both STAR and progesterone production are initially mediated via FSH signaling (Figure 4) . STAR represents an early response gene dependent upon signaling via cAMP that in the laying hen is transiently expressed and present at highest levels in GCs from preovulatory follicles (Johnson and Bridgham, 2001; Johnson et al., 2002) . Moreover, both FSH-induced STAR expression (mRNA and protein) plus progesterone production is initiated following a 3 h incubation, in vitro, of laying hen and turkey hen GCs from the most recently recruited follicle (e.g., 9 to 12 mm follicle in the laying hen and 11 to 13 mm stage of development in the turkey hen; Johnson, 2015 and Figure 4, respectively) .
A fundamental question regarding follicle recruitment pertains to the most proximal mechanism that initially enables FSH-responsiveness within the GC layer. We have previously reported studies from the laying hen that implicate inhibitory MAPK signaling in maintaining the FSHR in a desensitized state and unable to generate cAMP prior to follicle recruitment (Johnson, 2014b) . In the present study, preculture of undifferentiated GCs from 8 to 9 mm follicles for 21 h without exogenous MAPK agonists (e.g., epidermal growth factor receptor ligands, including TGFα) enables both FSHinduced STAR expression and progesterone production ( Figure 5 ). On the other hand, co-culture of turkey hen GCs with TGFα prevents an increase in STAR expression and progesterone production. Moreover, pretreatment with TGFα for as little as 15 min prevents the sensitizing effects of BMP6 in cultured cells ( Figure 6 ). While we hypothesize that premature FSHresponsiveness within the GC layer of pre-recruitment follicles is prevented by tonic MAPK signaling, the proximal signal/mechanism for the reduction/removal of inhibitory signal within the single recruited follicle has not been unequivocally identified. We further hypothesize that a reduction of such inhibitory signaling in more than one pre-recruitment follicle can result in more than one follicle entering the preovulatory hierarchy in a given day. This anomaly would eventually result in double ovulations, as can occur in broiler breeder hens. In summary, data described herein provide evidence for a similar organization of the laying hen and turkey ovarian follicle hierarchy, together with cellular mechanisms regulating the differentiation of GCs at the time of follicle recruitment into the preovulatory hierarchy. Thus, suboptimal ovarian function should not be considered a major limitation to optimizing egg production. These results support the continued emphasis on modifying incubation behavior and broodiness in the turkey hen as means to enhance reproductive efficiency.
